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Summary
In the nematode C. elegans, RNAi silencing signals are
efficiently taken up from the environment and transported
between cells and tissues [1–3]. Previous studies impli-
cating endosomal proteins in systemic RNAi lack conclusive
evidence [4, 5]. Here, we report the identification and charac-
terization of SID-5, a C. elegans endosome-associated pro-
tein that is required for efficient systemic RNAi in response
to both ingested and expressed double-stranded RNA
(dsRNA). SID-5 is detected in cytoplasmic foci that partially
colocalize with GFP fusions of late endosomal proteins
RAB-7 and LMP-1. Furthermore, knockdown of various
endosomal proteins similarly relocalizes both SID-5 and
LMP-1::GFP. Consistent with a non-cell-autonomous func-
tion, intestine-specific SID-5 expression restored body wall
muscle (bwm) target gene silencing in response to ingested
dsRNA. Finally, we show that sid-5 is required for the previ-
ously described sid-1-independent transport of ingested
RNAi triggers across the intestine [6]. Together, these data
demonstrate that an endosome-associated protein, SID-5,
promotes the transport of RNAi silencing signals between
cells. Furthermore, SID-5 acts differently than the previously
described SID-1, SID-2, and SID-3 proteins [3, 6–8], thus ex-
panding the systemic RNAi pathway.
Results
sid-5 Is Required for Systemic RNAi in C. elegans
and Is Predicted to Encode a Transmembrane Protein
SID-1 and SID-2 are two previously identified double-stranded
RNA (dsRNA) transport proteins that are required for the
uptake and spreading of RNAi silencing signals in C. elegans
[3, 7]. SID-1 is a broadly expressed dsRNA channel that is re-
quired for import of silencing signals into all cells [3, 6, 9–11].
SID-2 is an intestinal lumenal membrane protein that is
required for the initial uptake of dsRNA from the environment,
but not for intercellular transport of silencing signals [7, 12]. In
addition, the recently identified SID-3 is an ACK1-like non-
receptor tyrosine kinase required for the efficient import of
dsRNA [8]. The same screen recovered three noncomple-
menting sid-5 alleles, sid-5(qt23), sid-5(qt24), and sid-
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edu (C.P.H.)interference defective) mutants expressed green fluorescent
protein (GFP) in the pharyngeal and body wall muscle (bwm)
cells as well as a pharynx-specific gfp hairpin RNA (gfp-
hpRNA). Under normal growth conditions, the gfp-hpRNA
strongly silences GFP in the pharynx but only weakly silences
GFP in anterior bwm cells (Figure 1A). However, feeding these
worms bacteria expressing GFP dsRNA causes efficient GFP
silencing in bwm cells (Figure 1A). Candidate sid mutants
were selected that maintained cell autonomous silencing in
the pharynx, but that failed to completely silence GFP in
bwm cells in response to ingested dsRNA (Figure 1A; [3]).
RNAi of endogenous germline (pal-1) and soma expressed
(unc-22) genes demonstrated that the sid-5 silencing defect
is not restricted to transgenic targets (Figure 1B). Unlike sid-
1 and sid-2mutants but similar to sid-3mutants, sid-5mutants
remain partially sensitive to exogenously delivered silencing
signals (Figure 1; see also Figure S1 available online).
To investigate the resistance of sid-5 mutants to environ-
mental RNAi, we measured silencing in intestinal cells ex-
posed to ingested dsRNA. Although ingesting GFP dsRNA
completely silencesGFP expression inwild-type (WT) animals,
GFP remained readily detectable in sid-5mutants (Figure 1C).
This suggests that sid-5 functions in dsRNA uptake from the
intestinal lumen (like sid-2) and/or in subsequent release of
dsRNA into the cytoplasm. To discriminate between these
possibilities, we examined the ability of sid-5mutants to trans-
port endogenously expressed RNAi silencing signals between
cells. Starvation enhances bwm GFP silencing in response to
pharynx-expressed gfp-hpRNA (Figure 1D; [3]). Similar to
sid-1 and sid-3 mutants, and in contrast to sid-2 mutants,
sid-5mutants are fully resistant to bwm cell silencing by phar-
yngeally expressed dsRNA (Figure 1D). In contrast, a gfp-
hpRNA construct expressed in bwm cells efficiently silenced
bwm GFP, showing that sid-5 mutant bwm cells are RNAi
competent (Figure S1A). These data support a role for sid-5
in intercellular transport of RNAi silencing signals and not
merely intestinal cell uptake of ingested dsRNA.
We used conventional mapping and cloning methods (see
Supplemental Experimental Procedures) to identify F14B8.2
as sid-5. The predicted SID-5 protein is 67 amino acids long
and contains a single predicted transmembrane domain (Fig-
ure 1E). Although we failed to find homologs outside of the
Caenorhabditis genus, it should be emphasized that the short
size greatly reduces the sensitivity of search algorithms. The
sid-5(qt23) and sid-5(qt34) alleles result in amino acid sub-
stitutions, whereas the sid-5(qt24) allele alters the 50 splice
site in the only intron (Figure 1E; Supplemental Experimental
Procedures). A deletion allele (tm4328) was recently isolated
(Japan National Bioresource Project) that removes most of
the predicted sid-5 ORF (Figure 1E). Differences in phenotypic
strength were not evident between any of the alleles (Figures
S1B and S1C). Unless otherwise stated, all presented data is
based on the sid-5(qt24) allele.
SID-5 Is Broadly Expressed and Localizes
to Cytoplasmic Foci
Transcriptional and translational sid-5 GFP reporters were ex-
pressed in most, if not all, somatic tissues (Figures S2A–S2J;
Figure 1. sid-5 Is Required for Efficient Systemic Silencing in Response to Environmental and Pharynx-Expressed dsRNA
(A) WT and sid-5 mutants expressing GFP in body wall muscle (bwm) and pharynx (ph) and gfp-hpRNA in the pharynx were grown on bacteria containing
either the control vector L4440 (no RNAi) or GFP dsRNA (GFP RNAi).
(B) Left, percentage of dead embryos laid 0–29.5 hr after soakingWT and sid-5(qt24) parents in 5 or 1mg/ml of in vitro transcribed pal-1 dsRNA. n, number of
treated parents; right, percentage of strongly twitchingWT and sid-5(qt24) L4 larva in 2mM levamisole after feeding on bacteria expressing unc-22 dsRNAor
control vector L4440 (no RNAi) from hatching to L4 stage. n, number of scored animals. Error bars represent SEM.
(C) WT and sid-5 mutants expressing nuclear-localized sur-5::GFP in most cells, including the intestine (large nuclei), were grown on bacteria containing
control vector L4440 (no RNAi) or expressing GFP dsRNA as L1 larvae and scored as L4 larvae or young adults.
(D) Starvation enhanced silencing of worms expressing GFP in pharynx and bwm as well as pharyngeally expressed gfp-hpRNA [3]. Left shows WT strain,
middle shows sid-5(qt23) mutant, and right shows sid-5(qt24) mutant.
(E) SID-5 protein alignment from C. elegans (Cele) and its homologs: C. briggsae (Cbri),C. brenneri (Cbre), andC. remanei (Crem). Shadowed area indicates
the predicted transmembrane domain. Arrows indicate identified point mutations. The tm4328 256 bp deletion allele is represented by a black line. The
sid-5(qt24) allele carries a point mutation altering the 50 splice site; see Supplemental Information. See also Figure S1. Anterior is to the left in all images.
Scale bar represents 100 mm. Inset shows differential interference contrast (DIC) image.
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1939unpublished data). The translational fusion protein appeared
to associate with membranes in the cytoplasm of intestinal
cells (Figures S2C and S2J). However, translational SID-
5::GFP fusion proteins not only failed to rescue the silencing
defect of sid-5 mutants but when introduced into WT strains
rendered the animals resistant to environmental RNAi (Fig-
ure S2K). The reason for this dominant-negative effect is
unknown, but one possibility is that the SID-5::GFP fusion
binds proteins that normally interact with SID-5 but ismislocal-
ized and/or nonfunctional, thus trapping the SID-5-interacting
proteins in a nonproductive complex.
To reliably investigate SID-5 expression and localization,
we raised polyclonal antisera against SID-5. Two indepen-
dently raised antisera were used for immunohistochemistry
(Figure 2A). No or only weak staining was detected in sid-
5(qt24) mutants (50 splice site mutation, Figure 2A). The
other alleles, sid-5(qt23) and sid-5(qt34) (amino acid sub-
stitutions), similarly yielded no specific immunostaining(Figure S2L). At present, it is unresolved whether this is
due to poor affinity of the antisera or to mislocalization or
low expression of the mutated proteins. In WT animals,
SID-5 was detected in somatic cell types including intestine,
muscle, neurons, somatic gonad, and embryos, but not in
the germline (Figure 2A; our unpublished data). It should
be noted that although both antisera yielded similar staining
patterns and were much reduced or absent in sid-5
mutants, the signals did not overlap completely. The reason
for this discrepancy is not known but may be that the two
antisera recognize epitopes with different accessibility or
that the antisera are competing with each other for binding
the antigen. Staining could be readily detected after overex-
pression of SID-5 under the tissue-specific sid-2 (intestine)
and myo-3 (bwm) promoters in sid-5 mutant worms, con-
firming the specificity of the antibodies (Figures S2M and
S2N). In all cases, SID-5 appeared to accumulate in cyto-
plasmic foci.
Figure 2. SID-5 Is Expressed in Somatic Tissues
and Localizes to Cytoplasmic Foci that Partially
Overlap with Late Endosomes
(A) Immunohistochemistry of C. elegans embryo
and gravid adults using two different affinity-puri-
fied polyclonal SID-5 antibodies from mouse
(antibody #1) and rabbit (antibody #2). Top and
middle show fluorescence channels for each
antibody, and bottom shows overlay with DAPI
(antibody #1 pseudocolored in red, antibody #2
in green and DAPI in blue). No staining was
observed in a sid-5(qt24) mutant (right). Scale
bar represents 10 mm.
(B–D) Immunohistochemistry using mouse poly-
clonal SID-5 antibody #1 of C. elegans intestines
from strains expressing late endosomal proteins
GFP::RAB-7 (B) or LMP-1::GFP (C), or in combi-
nation with PGP-2 antibody (D). Top shows fluo-
rescence image of SID-5 staining; middle shows
fluorescence image of GFP fluorescence (B and
C) or PGP-2 staining (D); bottom shows overlay
of fluorescence images with DAPI. SID-5 channel
is pseudocolored in red, GFP/PGP-2 channel in
green, and DAPI in blue. Scale bars represent
10 mm (large pictures) and 2 mm (insets). L indi-
cates intestinal lumen. See also Figure S2.
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1940SID-5 Colocalizes with Late Endosomal Proteins and
Requires Endosomal Proteins for Proper Subcellular
Localization
The endolysosomal machinery has been demonstrated to play
a role in cell-autonomous RNAi in Drosophila and mammals
and has been proposed to be important for cell-cell transport
of dsRNA [13, 14]. We therefore investigated whether the
observed SID-5 foci correspond to endocytic vesicles by
immunolocalizing SID-5 in intestines from various strains
expressing well-characterized GFP fusions to endosomalproteins as well as in combination with
the lysosomal protein, PGP-2, (PGP-2
antibody kindly provided by G. Her-
mann) in WT worms. SID-5 colocalized
with GFP::RAB-7 (late endosomes [15];
Figure 2B) and LMP-1::GFP (late endo-
somes, lysosomes [16]; Figure 2C) but
less with PGP-2 (acidified lysosomes
[17]; Figure 2D), alpha-mannosidase
II::GFP (Golgi [15]: Figure S2O), LGG-
1::GFP (autophagosomes [18]; Fig-
ure S2P), or GFP::RAB-11 (recycling
endosomes [15]; Figure S2Q). The fluo-
rescence intensity of GFP::RAB-5 (early
endosomes; [15]) was not strong enough
to be detected in intestines that had
been fixed and stained with the SID-5
antibody, andwe failed to find a protocol
that allowed simultaneous antibody
detection of SID-5 and GFP. We did
not see any major differences in SID-5
levels or overall subcellular distribu-
tion between WT animals and GFP
reporter strains, suggesting that the
GFP fusions do not affect SID-5 localiza-
tion (Figure 2).
If SID-5 associates with endosomes,
its accumulation and/or localization
should rely on the function of endosomal biogenesis proteins.
We therefore used RNAi to knock down endosomal proteins
RAB-5, RAB-7, RAB-11.1, HGRS-1, and VPS-39 in a strain
expressing LMP-1::GFP, followed by SID-5 immunostaining
(Figure 3). Both LMP-1::GFP and SID-5 accumulated following
RNAi of these endosomal biogenesis proteins compared to
the empty vector control. As expected, SID-5 localization ap-
peared to follow LMP-1::GFP localization. Thiswas particularly
evident after knockdown of vps-39, which leads to a more
apical localization of both LMP-1::GFP and SID-5 (Figure 3F;
Figure 3. Depletion of Endosomal Proteins
Affects the Subcellular Localization of SID-5
Worms expressing LMP-1::GFP were placed on
bacteria expressing control vector L4440 (no
RNAi, A), or dsRNA targeting rab-5 (B), rab-7
(C), rab-11.1 (D), hgrs-1 (E), or vps-39 (F). Animals
were placed on dsRNA-expressing bacteria as L1
larvae. After 72 hr, the animals were subjected to
immunohistochemistry using the SID-5 rabbit
polyclonal antibody (antibody #2 in Figure 2A).
Top shows SID-5 staining; bottom shows LMP-
1::GFP fluorescence. As both SID-5 and LMP-
1::GFP levels were increased following RNAi of
the endosomal proteins, signal intensities were
adjusted linearly to facilitate comparison. Scale
bars represent 10 mm (large pictures) and 2 mm
(insets). L indicates intestinal lumen. See also
Figure S3.
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1941[19]). VPS-39 is amember of the homotypic fusion and vacuole
protein sorting (HOPS) complex and has been suggested to
act as an effector protein for RAB-7 [19]. In contrast, knock-
down of RAB-7 led to highly increased LMP-1::GFP levels
but only a minor increase in SID-5 abundance. This discrep-
ancymay reflect stabilization of the LMP-1::GFP fusion protein
due to inhibited lysosomal degradation after RNAi deple-
tion of RAB-7. No substantial difference in colocalization was
observed in animals actively undergoing RNAi (Figures S3A
and 3B) and SID-5 levels and overall localization patterns
remained unchanged in the dsRNA transport mutants sid-1
and sid-2 (Figures S3C–S3E).
We conclude that SID-5 associates, at least partially, with
late endosomes. Interestingly, these compartments, also
referred to as multivesicular bodies (MVBs), have previously
been demonstrated to be sites of RNAi activity [13, 14]. Specif-
ically, inhibition of MVB function reduced RNAi efficiency,
whereas enhanced RNAi was observed when lysosomal
proteins were depleted. Because MVBs are the source of exo-
somes, extracellular vesicles carrying RNA and proteins, the
authors hypothesized that export of RNAi silencing signalswould be affected similarly. However,
the experimental systems used did not
allow this issue to be resolved. Our study
shows that SID-5 localizes to endocytic
vesicles implicated in exosome bio-
genesis and functions in transport of
RNAi silencing signals (see below), but
we do not at this point know whether
exosomes transport silencing signals
between cells and tissues.
sid-5 Is Required for sid-1-
Independent Transport of Silencing
Signals across the Intestine
Our initial analysis of sid-5 RNAi silenc-
ing defects indicates that like sid-1 and
sid-3, sid-5 is required for intercellular
transport of silencing signals. Analysis
of silencing in sid-1 genetic mosaic
animals suggests that sid-1 is required
for import of ingested silencing signals
[3]. Furthermore, overexpressing sid-1
specifically in bwm cells in sid-1mutants
enables silencing of bwm target genesin response to ingested dsRNA [6]. These results indicate
that silencing signals can traverse a sid-1 deficient intestine
and be available for SID-1-dependent import into bwm cells.
In the case of sid-5mutants, we found the opposite: intestinal
SID-5 expression, but not bwm SID-5 expression, could
restore silencing of both transgenic (GFP) and endogenous
(unc-22) bwm targets in response to environmental RNAi
(Figures 4A and 4B). Immunostaining confirmed the specificity
of the tissue-specific promoters (Figures S2M and S2N). Thus,
in contrast to sid-1 [6], sid-5 is required in intestinal cells for
the uptake and/or transport of ingested RNAi triggers out of
the intestine. The data also indicate that, unlike sid-1 and
sid-3, sid-5 is not required in bwm cells for import of RNAi
triggers into bwm cells.
To explicitly test sid-5 for sid-1-independent transport of
silencing signals across the intestine [6], we constructed
a sid-1, sid-5 double mutant strain carrying an extrachromo-
somal array with a rescuing sid-1 fragment under the control
of a bwm-specific promoter (myo-3), which allows sid-1-
dependent import of silencing signals into muscle cells. These
worms were then compared to a sid-1 single mutant strain
Figure 4. sid-5 Is Required for sid-1-Independent RNAi Transport across
the Intestine
(A and B) Overexpression of sid-5 in the intestine, but not in bwm, restores
silencing of a bwm target gene in response to environmental RNAi. sid-5
mutants expressing sid-5 under the control of the sid-2 promoter (intestine)
or myo-3 promoter (bwm) were subjected to bacteria-mediated RNAi
against the bwm target transgene GFP (A) or the endogenous unc-22 (B).
For unc-22, only strong twitching was scored.
(C) sid-5 is required for sid-1-independent RNAi transport across the intes-
tine. sid-1 single mutants and sid-1, sid-5 double mutants each expressing
sid-1 only in bwm (myo-3 promoter) were subjected to unc-22RNAi as in (B).
Anterior is to the left. Scale bar represents 100 mm. Insets show DIC image.
Error bars represent SEM. See also Figure S4.
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somal array [6] for the ability to silence the bwm gene unc-22
in response to feeding RNAi. As shown in Figure 4C, unc-22
silencing was observed when sid-1 was rescued in the bwm
of the sid-1 mutant strain, but not in the sid-1, sid-5 double
mutant strain. An intact sid-5 gene is thus required for the
previously observed sid-1-independent transport of silencing
signals across the intestine.
It has recently been shown that some proteins required for
RNAi, e.g., the RNA-binding protein RDE-4, can rescue the
mutant phenotype when expressed in a third tissue, i.e.,
neither the sending or receiving cells [20]. To test whether
this could also be true for SID-5, we rescued SID-5 specifically
in the intestine in sid-5 mutants expressing body wall muscle
GFP and pharyngeal gfp-hpRNA. However, this did not restore
silencing of bwm GFP after starvation, indicating that SID-5 is
required in nonintestinal cells for systemic RNAi (Figure S4).
The data presented here clearly demonstrate that SID-5
associates with endosomes, although at present we do not
know whether it is integral to membranes. Supporting a role
for SID-5 in a transport step, we find that intestine-specificrescue of sid-5 is sufficient to restore silencing of bwm target
genes in response to ingested dsRNA. Other endosomal
proteins have previously been reported to be required for effi-
cient spreading of RNAi [4, 5]. However, their functions have
not been clearly attributed to RNAi transport, thus it is possible
that a defect in cell-autonomous RNAi could account for the
observed phenotypes. Specifically, in the study by Saleh and
colleagues (2006), the scored feeding RNAi resistance could
be due to defects in dsRNA uptake, like sid-2, defects in
RNAi spreading, like sid-1, sid-3, and sid-5, or defects in cell-
autonomous RNAi. Similar to sid-2 mutants, rsd-2, rsd-3, and
rsd-6 mutants are resistant to ingested dsRNA but sensitive
to injected dsRNA [4]. However, unlike sid-2, the defects are
specific to germline expressed genes, suggesting either
a defect in transport of silencing triggers to the germline or
reduced cell-autonomous RNAi efficiency when trigger dsRNA
is limiting. Indeed, a subsequent report indicates that rsd-2
functions in cell autonomous RNAi [21]. Our report thus repre-
sents the first clear demonstration of an endosome-associ-
ated protein that facilitates systemic RNAi. Interestingly, the
recently identified systemic RNAi protein SID-3 [20] is homol-
ogous to the mammalian tyrosine kinase ACK1, which local-
izes to and regulates endosome functions [22].
The association of SID-5 with late endosomes furthermore
supports the hypothesis that late endosome and MVB derived
exosomes may transport systemic RNAi silencing signals
[13, 14]. It is even possible that SID-5 is present on these extra-
cellular vesicles, which could be one reason why the transla-
tional SID-5::GFP fusion does not rescue the sid-5 phenotype.
Due to the immunohistochemistry protocol, which includes
dissecting out intestines, we have not yet been able to address
SID-5’s possible extracellular localization.
Our results further show that although SID-5 is required for
efficient systemic RNAi, its function is distinct from that of
SID-1, SID-2, and SID-3. Unlike SID-2, SID-5 is a widely ex-
pressed protein that is required for spreading of RNAi between
the pharyngeal and bwm cells. Unlike sid-1 and sid-3, sid-5
rescue in the recipient tissue is not sufficient to restore
silencing in these cells, suggesting that sid-5 is not required
for import. Furthermore, sid-5 is required for sid-1-indepen-
dent transport of dsRNA across the intestine. At this point
however, we do not know at which exact step(s) in the sys-
temic RNAi pathway that SID-5 acts. It is possible that SID-5
has multiple functions in RNAi, for example affecting both
cell autonomous silencing and export of RNAi silencing
signals. Because the effect of the sid-5 mutation on RNAi
silencing is incomplete, we have been unable to conclusively
discern whether sid-5 has a role in cell-autonomous aspects
of RNAi, as well as in RNAi silencing signal transport.
Experimental Procedures
All experimental procedures, strains, and oligonucleotides used in this
study are in the Supplemental Information.
Supplemental Information
Supplemental Information includes four figures, two tables, and Supple-
mental Experimental Procedures and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2012.08.020.
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